Introduction
. Here we analysed the presence and the extent of the antioxidant defence induced by curcumin preconditioning, namely the transient administration of the drug 24 hrs before exposure to oxidative stress [11, 15] . Curcumin-treated and untreated, proliferating C2C12 cells were challenged with hydrogen peroxide, and the effects on apoptosis, total protein oxidation and NF-B activation were monitored. Moreover, the same experimental protocol was performed in C2C12 cells in which genetic manipulation of Grp94 protein level was achieved by specific expression of grp94 cDNAs (sense or antisense).
Although curcumin-induced antioxidant protection may be the result of the involvement of multiple executors, which are recruited by the activation of diverse signaling pathways [1] , our results identify Grp94 as a prominent player. [14, 16] . Clones were grown as described in Reference [16] and used between passages10 and 20.
Materials and methods

Cell culture
The skeletal myogenic murine cell line C2C12 ECACC1 was used between passages 14 and 18. Cells were grown in Dulbecco's modified Eagle medium (DMEM, Sigma, Salisbury, UK) containing 10% foetal calf serum and L-glutamine. Generation of stably transfected clones was performed with constructs and procedures as previously described
Transient transfections were achieved using bicistronic vectors in order to identify transfected cells; a construct, which contained GFP and grp94 cDNAs (pT94), was used for overexpression, whereas the construct containing only the GFP cDNA (pT, Invitrogen, Groningen, The Netherlands) was used for control, as previously described [14] . A nuclear-targeted ␤-galactosidase cDNA and a portion of rabbit grp94 cDNA in antisense orientation were cloned into the pBK phagemid, under the control of the RSV promoter (Stratagene, Waldbronn, Germany) , to achieve grp94 antisense transcription. The control phagemid contained a portion of rabbit grp94 cDNA lacking the translation initiation sequence.
Curcumin (Sigma) [14] .
For each condition, cells were tested in triplicate and at least three independent experimental sets were repeated.
Western blot analysis
Adherent cells in a six-well plate were solubilized in 25 l of Cell Lysis buffer (Promega, Milano, Italy) . Twenty-five micrograms of total protein were analysed by Western blotting, as previously described [14, 17] . The following primary antibodies were used: anti-Grp94 3C4 mouse monoclonal antibody [16] [15] ). Figure 1A shows that curcumin treatment increased significantly the Grp94 relative amount (see histogram in Fig. 1B Fig. 2A and B) . Conversely, cells exposed to hydrogen peroxide 24 hrs after curcumin treatment showed less than 10% decrease in procaspase-12 levels ( Fig. 2A and B (Fig. 2D) .
Results
A single curcumin treatment increases Grp94 levels and induces delayed antioxidant protection in C2C12 myoblasts
C2C12 proliferating cells, treated or not with 5-10 M curcumin for 3 hrs, were lysed after 24 hrs and analysed by Western blotting to monitor the expression level of ER stress-proteins, as putative effectors of delayed cytoprotection (second window of protection
Because reactive oxygen intermediates are responsible for NF-B activation [20] , which, conversely, is inhibited by acute curcumin administration [21] Fig. 2H and E) . Exposure of untreated cells to curcumin (20M), 1 hr before and during hydrogen peroxide addition, blunted the increase in nuclear NF-B immunoreactivity (Fig. 2J) . Interestingly, the same effect was observed when the curcumin treatment was performed 24 hrs in advance, at a lower dose (5-10 M) and for a limited time (3 hrs; Fig. 2I ).
, we tested the presence of a delayed effect of the curcumin treatment on NF-B nuclear translocation. Low levels of nuclear NF-B immunoreactivity were detectable in control cultures of proliferating C2C12 cells, although the staining in the cytoplasm predominated (Fig. 2E-G). After 24 hrs, 5-10 M curcumin-treated and untreated cells were exposed to 400-800 M H2O2 for 1-2 hrs (Fig. 2H-J). As determined by PI staining, this protocol of exposure to hydrogen peroxide had no significant effect on cell viability, which was greater than 98%. Consistent with previous observations [20], a 2 hrs exposure to 800 M H2O2 induced in curcumin-untreated cells a redistribution of NF-B immunoreactivity, which accumulated in the nucleus, albeit remaining detectable in the cytoplasm (Compare
Stable or transient Grp94 overexpression induces antioxidant protection in C2C12 myoblasts
The data so far suggest that several aspects of the antioxidant defence induced by curcumin occur as a delayed protection response [15] , where the increase in Grp94 protein levels may play an effector role. We then determined whether the selective increase of Grp94, obtained by either stable or transient transfection, would induce an antioxidant protection. Therefore, we analysed two C2C12 clones, clone 82A11 [14] , which stably overexpressed Grp94 without displaying any increase in Grp78 and calreticulin protein levels, and clone S1C8 [14, 16] , as a control (Fig. S1A) Fig. 3C and D; P Ͻ 0.01) ; on the other hand, the degree of protein oxidation of Grp94 overexpressing 82A11 cells was not significantly affected by exposure to hydrogen peroxide (Fig. 3C and D) .
Like wild-type C2C12 cells, both the control S1C8 and the overexpressing Grp94 82A11 clone showed low levels of nuclear NF-B immunoreactivity, most of the immunoreactivity being detectable in the cytoplasm (Fig. 3E and G) . Exposure of control clone cells to H2O2 (800 M) for 2 hrs redistributed NF-B immunoreactivity, which appeared more concentrated in the nucleus compared with the cytosol (Fig. 3F) , whereas hydrogen peroxide did not induce any appreciable increase in nuclear NF-B immunoreactivity of Grp94 overexpressing cells (Fig. 3H) .
In order to validate further the cytoprotective role of Grp94 against oxidative injury, the protein was transiently overexpressed in C2C12 cells, and the protection against apoptosis was evaluated using a single-cell approach. Transiently transfected cells were visualized by means of GFP expression (Fig.4B and D) . The percentage of apoptotic nuclei, evaluated on the total number of GFPpositive cells, was about 1% in cultures maintained in growth medium. Cells were then exposed to H2O2 (800 M) for 5 hrs, and apoptosis was detected by TUNEL assay (red fluorescence in Fig. 4B Fig. 4B and D 
and D). The percentage of apoptotic nuclei was significantly reduced in cultures transfected with grp94 cDNA (pT94), compared with those transfected with the empty vector (pT) (yellow fluorescence in
Down-regulation of Grp94 expression blunts the antioxidant defence induced by a single curcumin treatment
We then investigated whether the transfection with antisense grp94 cDNA blunted the increase in Grp94 protein level induced by curcumin treatment and the antioxidant protection.
C2C12 cells from the AS3A12 clone (stably transfected with antisense grp94 cDNA [16] ) displayed a 50% decrease in Grp94 protein levels, compared with S1C8 control clone (see Table 1 in Reference [16] and Fig. 5A) . The Grp94 expression level of these cells did not vary 24 hrs after curcumin exposure (Fig. 5A) compared with non-exposed cells ( Fig. 5B and C ; P Ͻ 0.0001, n ϭ 6). Similarly, the exposure to hydrogen peroxide of curcumintreated AS3A12 cells led to a significant increase in total protein oxidation compared with curcumin-treated not-exposed cells ( Fig. 5B and C; P Ͻ 0.0001, n ϭ 6) . Interestingly, the degree of protein oxidation induced by hydrogen peroxide in both curcumintreated and untreated AS3A12 cells was significantly higher than that observed in parallel cultures of control S1C8 clone cells (P Յ 0.04, n ϭ 6; Fig. 5C ). We next investigated the effects of antisense grp94 cDNA expression on NF-B nuclear translocation. As Fig. 6B ), as well as in cells transfected with either antisense (arrows in Fig. 6B ) or control constructs (not shown). Conversely, pre-treatment with curcumin hampered the hydrogen peroxide-induced increase in nuclear NF-B immunoreactivity in untransfected (arrowheads in Fig. 6C and D) and control/␤gal-transfected cells (arrows in Fig. 6D ), whereas antisense-transfected cells displayed positive nuclear immunoreactivity (arrows in Fig. 6C ).
Fig. 2 Procaspase-12 protein level, total protein oxidation and NF-B nuclear translocation in curcumin-pre-treated C2C12 cells upon exposure to hydrogen peroxide. (A) Representative Western blot analysis showing immunoreactivity for procaspase-12 (C12) before (Ϫ) and after (ϩ) exposure to 800 M hydrogen peroxide for the indicated times (4 and 5 hrs) of cells untreated and pre-treated with curcumin. Actin staining is shown as a reference for gel loading. (B) Histogram shows the relative amount of procaspase-12 detected after 5 hrs of exposure to hydrogen peroxide (expressed as percentage of the amount detected in untreated and curcumin-treated cells before addition of H2O2). Mean values Ϯ SEM; n ϭ 6; * P Ͻ 0.001; Student's t-test. (C) Representative Oxyblot analysis showing the presence of protein carbonyl groups in lysates obtained from untreated (control) and curcumin treated C2C12 cells before (Ϫ) and after (ϩ) exposure to 400-800 M hydrogen peroxide for the indicated times (15 and 45 min.). Actin staining is shown as a reference for gel loading. Migration of molecular weight standards (BioRad Broad range, Segrate, Italy) is indicated on the right. (D) Densitometric values of carbonylated signals was normalized to the corresponding actin level and expressed as percentage of wild-type C2C12 levels. Histogram shows the relative amount of oxidized proteins detected in C2C12 cells, untreated, treated for 3 hr with curcumin the day before (curcumin) or added with 20M curcumin 1 hr before the experiment (cu 1h). Cells were maintained for 45 min. in the presence or in the absence of the indicated hydrogen peroxide concentration. Mean values Ϯ SEM; n ϭ 5; *P Ͻ 0.0001; ANOVA test. (E)-(J) Representative micrographs showing C2C12 cultures, left untreated, treated with curcumin the day before (curcumin) or added with 20 M curcumin 1 hr before the challenge with hydrogen peroxide (cu 1h). Cells were grown in the absence (E)-(G) or in the presence of 800 M hydrogen peroxide for 2 hrs (H)-(J) and stained for NFB. Bar: 30 m.
Fig. 3 Procaspase-12 protein level, total protein oxidation and NF-B nuclear translocation in stable Grp94 overexpressing cells upon exposure to hydrogen peroxide. (A) Representative Western blot analysis showing immunoreactivity of control S1C8 and Grp94 overexpressing 82A11 clones for procaspase-12 (C12) before (Ϫ) and after (ϩ) 4 and 5 hrs exposure to 800 M hydrogen peroxide. Actin staining is shown as a reference for gel loading. (B) Histogram shows the relative amount of procaspase-12 levels detected in S1C8 and 82A11 cells after 5 hrs of exposure to hydrogen peroxide and expressed as percentage of the procaspase-12 amount detected before addition of H2O2. Mean values Ϯ SEM; n ϭ 5; *P Ͻ 0.05; Student's t-test. (C) Representative Oxyblot analysis showing the presence of protein carbonyl groups in lysates obtained from control clone S1C8 cells and Grp94 overexpressing 82A11 cells before (Ϫ) and after (ϩ) exposure to 800 M hydrogen peroxide for the indicated times (45 and 90 min.). Actin staining is shown as a reference for gel loading. (D) Histogram shows the relative amount of oxidized proteins detected in control clone S1C8 cells and Grp94 overex-
hrs). Hydrogen peroxide treatment increased the nuclear immunoreactivity for NF-B in untransfected cells (arrowheads in
This experimental protocol was also used to evaluate the effect of antisense grp94 mRNA expression on curcumin-dependent 
